Efficient collection of fluorescence from nitrogen vacancy (NV) centers in diamond underlies the spin-dependent optical read-out that is necessary for quantum information processing and enhanced sensing applications. The optical collection efficiency from NVs within diamond substrates is limited primarily due to the high refractive index of diamond and the non-directional dipole emission. Here we introduce a light collection strategy based on chirped, circular dielectric gratings that can be fabricated on a bulk diamond substrate to redirect an emitter's far-field radiation pattern. Using a genetic optimization algorithm, these grating designs achieve 98.9% collection efficiency for 1 arXiv:1706.07566v1 [physics.atom-ph] 23 Jun 2017 the NV zero-phonon emission line, collected from the back surface of the diamond with an objective of aperture 0.9. Across the broadband emission spectrum of the NV (600-800 nm), the chirped grating achieves 82.2% collection efficiency into a numerical aperture of 1.42, corresponding to an oil immersion objective again on the back side of the diamond. Our proposed bulk-dielectric grating structures are applicable to other optically active solid state quantum emitters in high index host materials.
Introduction
The negatively charged nitrogen vacancy (NV) center in diamond has emerged as a leading semiconductor quantum system with well-controlled electronic orbitals and spin states.
A number of applications are being developed, including quantum computation, 1,2 quantum networking, 3 quantum simulation, 4 quantum error correction 5 and precision sensing.
6-8
There has also been considerable progress in developing other atom-like quantum emitters in solids with unique features.
9-17
The efficient collection of fluorescence emitted by individual quantum emitters is of central importance in advancing these quantum technologies. For instance, the photon collection efficiency η of the NV's total emission (zero phonon line and phonon side-band) determines the minimum detectable magnetic field with a single NV as |δB min | ∝ 1/ √ η, [18] [19] [20] assuming photon shot-noise limited detection. The total NV fluorescence collection efficiency is also essential for fast syndrome measurements in quantum error correction. 5 In quantum networking, the rate at which two NV centers can be optically entangled depends on how efficiently two identical photons can be detected, so that the rate is proportional to η 2 .
Higher collection efficiency is necessary to allow the entanglement generation rate to exceed the decoherence rate of the NV.
Efficient collection of NV fluorescence remains challenging and is hindered primarily by two factors: (1) The dipolar emission pattern of NV fluorescence 21 is challenging to efficiently collect with a single port; 22 ( 2) The large refractive index mismatch between diamond (n = 2.41 at λ = 637 nm) and air confines the emitted photons by total internal reflection (TIR), allowing only a small fraction of the emission to couple out. These two reasons set the collection efficiency of a point source (shown in Fig.1(a) ) to a baseline value . In addition, the NV photon generation rate is relatively low mainly because of its rather long excited state lifetime (∼ 13 ns); 23 (See Supporting Information section S1 for estimation of NV − intrinsic emission rate). This lifetime could be reduced using the Purcell effect. However, simply enhancing the NV emission rate via Purcell effect is likely to decrease the spin readout contrast, as recently discussed theoretically 24 and experimentally.
25
To tackle those challenges, various optical structures have been investigated, including tapered fibers, 26 metallic mirrors placed in close proximity to NV, 27 34 and plasmonic gratings.
35
In this work, we consider bullseye gratings that consist of a series of concentric circular rings dry-etched into diamond with an NV in the center. Circularly symmetric structures are generally preferred because they eliminate the need for alignment to the dipole orientation of the emitter. Circular gratings have previously been considered for cavity-defect mode enhancement, 36 high-Q resonators, 37 and emission out-coupling of quantum dots.
38,39
Experiments with circular gratings on a diamond membrane have shown measured single NV photon count rates of ∼ 3 Mcps.
40
An important challenge in imposing a grating on a bulk dielectric surface relates to the pitch of the air slits. In a thin membrane supporting only the fundamental mode in the vertical direction, a constant-period pitch works well. 38, 40 For a bulk dielectric medium, however, the grating needs to accommodate a range of k-values in the out-of-plane direction. In this case, a non-periodic, chirped grating provides better coupling into a target out-of-plane propagating mode. The chirped grating approach can also improve the coupling efficiency over a broad spectral range, whereas constant-period gratings are optimal for narrowband operation. Chirped optical structures have been developed for applications that require broad bandwidth and wide angular range operations, such as broadband mirrors for ultrafast lasers, 41 or ultra-thin photovoltaic devices with enhanced absorption. 42, 43 Additionally, implementing the chirped circular structure on a relatively thick diamond film (∼ 20 µm) instead of on a single mode diamond membrane (∼ 200 nm) could further improve the collection efficiency by index guiding. 44 Finally, a mirror can be placed on the top side of the grating to reflect the upwards-propagating emission and help cover a complete range of k-values.
The chirped circular grating structures introduced here enable near-unity collection efficiency into the detection apparatus for different numerical aperture (NA). These bulkdielectric grating structures can be fabricated in bulk diamond and do not require diamond membranes, which are not commercially available and difficult to fabricate. [45] [46] [47] We numerically evaluate the performance of chirped circular gratings optimized for three specific detection schemes:
(a) Collection of the NV's zero-phonon line (ZPL) through an objective lens under cryogenic conditions, as required for photonic entanglement of remote NV centers;
(b) Collection of the phonon side band (PSB) through an objective lens under cryogenic conditions, as required for quantum state estimation and quantum error correction;
(c) Collection of the NV's ZPL and PSB through an oil immersion objective lens at room temperature, as required for many quantum-enhanced sensing applications.
For detection scheme (a), the chirped bulk-dielectric grating achieves a near-unity collec- 
38,39

Theoretical Considerations
The chirped circular grating ('chirped bullseye structure') consists of a series of concentric air slits in diamond surrounding the NV defect, as shown in Fig Experimentally, the far-field emission pattern can be imaged with a Bertrand lens at the back focal plane. 49 We optimized the chirped bullseye structure using particle swarm optimization algorithm and the simulation is based on Finite-Difference Time-Domain (FDTD) method (Lumerical FDTD solutions).
We discuss the appropriate figure of merit (FOM) for the problem of efficient collection of NV fluorescence. Because the photonic structure modifies the emitter's spontaneous emission rate via Purcell effect, the total collected photon number is proportional to the product of the Purcell factor F p and the photon collection efficiency η. However, optical readout of NV centers relies on their spin contrast in fluorescence intensity, which may be reduced for strong Purcell enhancement. S. A. Wolf et al. discussed that the maximal SNR of the NV optical spin readout can be obtained for a rather low Purcell factor (optimal F p ∼ 1-5 depending on excitation conditions), provided that the spin mixing process is radiative, 24 which agrees with recent experimental investigation on the NV spin contrast under Purcell enhancement using plasmonic structures. 25 This finding indicates that one should aim at modifying the NV radiation pattern instead of the emission rate for higher SNR in the experiments. Therefore, we consider photon collection efficiency instead of absolute photon count rate as the FOM for optical spin readout in the three experimental schemes.
With collection efficiency denoted η(NA 0 , λ) set as the FOM for the discussion, we now analyze the collection efficiency for NV in diamond. η = P ↓ coll /P tot and P tot = P rad + P NR = P
(θ, φ) sinθ dθ dφ indicating the downwards power collected by an objective lens with NA = NA 0 , P ↓ lost is the photon emission rate outside of the collection NA 0 , P ↑ indicates the fluorescence from NV in the bullseye that emits upwards, and P NR is the emission power lost non-radiatively. F p = P rad /P 0 is the Purcell factor, where P rad is the radiative power from the NV center in the presence of the bullseye grating, and P 0 is the baseline radiative power from the NV center in a homogeneous diamond environment (related to NV intrinsic emission rate, see Supporting Information S1).
We will consider here three different application scenarios that require efficient lightcollection under various experimental conditions:
(a) Heralded quantum entanglement between two remote NVs, where the zero phonon emission (λ ZPL = 637 nm) from each individual NV needs to be collected under cryogenic conditions with a high-NA dry objective lens (NA=0.9). Such NVs need to be deeply embedded inside the diamond for the NV to be sufficiently shielded from surface-related impurities and nearly transform-limited emission to be possible. 50 We consider 100 nm depth for a matching reference by Y. Chu et al.
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(b) Under the same experimental conditions as in (a), we also evaluate the performance of the bullseye grating in collecting the NV PSB for quantum error correction experiments.
(c) For sensing external magnetic or electric fields, where the NV should be close to the diamond surface (≤ 10 nm), 51 we consider applications in experiments performed at room temperature with an oil immersion lens. For this discussion, we assume an oil refractive index of 1.52 and an objective NA of 1.42 corresponding to the representative Olympus PLAN APO 60X OIL OB objective, and we choose 600-800 nm as the corresponding collection bandwidth of interest.
With the above discussion, the parameters in the simulation and resultant performance are summarized in table 1. 
Results and Discussion
Grating A for scheme (a) and (b)
We first investigate for the collection efficiency of the NV ZPL into an NA of 0.9, which corresponds to a maximum collection angle of 21.9
• in diamond. We optimize the circular grating structure to maximize η(λ=637 nm, NA 0 =0.9), assuming the NV electric dipole is perpendicular to the diamond-air interface. This is a nonideal dipole orientation for efficient fluorescence collection, since most of the emission is at high k modes which are difficult to collect efficiently. We choose this dipole orientation to demonstrate the effectiveness of the bullseye grating. The optimized circular grating (Grating A) achieves collection efficiency η=75.2% , corresponding to a ∼ 210 fold enhancement from the baseline value of η=0.36% . For comparison, the power emitted into the same collection window within diamond reaches 83.1% of the total emission power. The difference in η is due to the nonunity Fresnel transmission coefficient (average ∼ 80%) of the bottom diamond-air surface. With an anti-reflection (AR) coating layer of index n AR = √ n diamond n air ∼ 1.55 and thickness = λ ZPL /4n AR ∼ 102.6 nm on the bottom diamond surface, the averaged transmission for the bottom interface increases to ∼ 99% while η increases to 83.0% . The enhancement in collection efficiency is from the modification of far-field radiation profile to minimize P ↓ lost . Fig.1(c) inset shows the simulated far-field pattern projected to air for Grating A with AR coating. Note that both the dipole emitter and the grating, and the resulting far-field pattern, have the same circular symmetry. The mode in Bullseye A is p polarized because the vertically polarized dipole source has only p polarized emission. The angular power distribution of p polarization component for Grating A with AR coating (Fig.2(c) ) indicates that bullseye structure effectively converts the nondirectional dipole emission (black solid line) into the collection window (plot in blue lines). Additionally, the AR coating improves the collection efficiency by maximizing the bottom interface transmission (plot in red lines) from an average value of ∼ 80% to ∼ 99%.
Lastly, the collection efficiency can be further improved by placing a reflector over the grating to minimize P ↑ . The reflector could consist of an NSOM tip or silver coated fiber facet with piezo controlled stage. 27 We find that when the reflector is 550 nm over the diamond surface, the collection reaches 98.9% . We assumed here a perfect reflector, modeled as perfect electric conductor in the simulation. The yellow line in Fig.2(a) shows the spectrally resolved collection efficiency for this reflector position.
We also evaluate the collection efficiency over the PSB with Grating A. We plot the power angular dependence for weighted averaged PSB emission in Fig.2(d) and found similar enhancement with an AR coating layer. We also simulated with PEC reflector over the grating for PSB case, which is shown in Fig.2(b) , indicating that the optimal distance for PSB collection is 300 nm with η(NA 0 =0.9, λ=640-800 nm) = 77.3% .
Grating B for scheme (c)
For many quantum sensing applications, efficient collection over the whole NV spectrum is required. These experiments are performed at room temperature with high-NA oil immersion objectives. Here we set the FOM of the optimization to be the collection efficiency weighted by the NV emission spectrum and averaged over the range λ = 600-800 nm. This we denote asη(NA 0 =1.42, λ=600-800 nm) = η(NA 0 , λ)×ρ NV (λ), where ρ NV (λ) is the normalized power spectral density of NV emission. We also assume the collection medium is n=1.518 oil and a horizontal dipole configuration, which corresponds to a NV in a (111) terminated diamond film.
The performance of the optimized grating design (Grating B) is shown in Fig.3 . The farfield emission pattern shown in Fig.3(a) indicates that the broadband emission can be largely captured by a lens with an NA of 1.42. The unweighted collection efficiency within this NA is plotted as a function of wavelength in Fig.3(b) , illustrating the broadband performance of this design. The wavelength-averaged weighted collection efficiency for this grating isη = 65.9% , which is increased toη = 69.4% when a thin-film AR coating optimized for 662 nm is added to the diamond-oil interface. For comparison, the average weighted power emitted within the same NA in diamond isη = 73.45%. The benefit of the AR coating is further illustrated by comparing the angular distribution of the emitted power without [ Fig.3(c) ,
dashed line] and with [ Fig.3(c) , crosses] the AR coating. The collected power is enhanced over a large angular range (∼ 0-24
• ) and brought close to the intrinsic power measured in the diamond.
To further increase the collection efficiency by minimizing the power lost in the upwards direction, a PEC mirror is placed over the grating. As indicated in Fig.3(d) , the optimal position of the mirror is 200 nm above the grating, which results in an averaged weighted collection efficiency ofη=82.2% , corresponding to a 6.5-fold enhancement relative to an NV in an unpatterned diamond film.
To verify that the optimized design is tailored for the input NV emission spectrum, we plot in Fig.3 (e) the Purcell factor and collection efficiency η over 600-800 nm range. Better performance is seen in the wavelength range where NVs emission is stronger. Note that the Purcell factor lies within the optimal range for maximal SNR. 24 The results show the advantage of the chirped circular grating for broadband operation, compared to conventional gratings.
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We also compare the intrinsic NV emission spectrum (indicated by the dotted red line, measured experimentally) with the predicted collected power (emission spectrum × collection efficiency × Purcell factor, solid red line), indicating that near-unity photon collection is possible with these gratings. Table 1 . For the emitter-grating alignment, the collection efficiency varies 15.9% for displacements within 20 nm from the center. Our approach is also applicable to emitters such as quantum dots or other solid state defects.
The narrow emission angle of the chirped grating could also allow efficient coupling into high-NA single-mode fibers.
55
Furthermore, a dual grating-lens design where a second grating is added on the backside of the diamond film, can efficiently collimate the emission to certain target optical modes.
Alternatively, a flat metasurface lens 56 could be positioned on the diamond backside for efficient interfacing to corresponding photonic structures.
Such grating structures can be fabricated using transferred hard mask lithography, 57 or direct fabrication on the diamond using electron beam lithography or optical lithography. Fig. S1 ). First, the ionization rate eventually becomes significant enough such that the total photoluminescence (PL) actually reduces (assuming no PL is collected in the NV 0 state). Second, if a saturation curve is improperly interpreted and extrapolated using the typical function (∼ R sat /(1 + I sat /I)), the total NV PL can be easily over-estimated. Finally, the numerically estimated saturated intensity from an NV can vary from 3 Mcps to 10 Mcps depending on the ambient condition of any particular NV leading to differing laser-induced ionization and recombination rates. These numerical results are consistent with previous experimental demonstrations.
S1-S3
S2
NV upper llimit also provides an estimation for the collection efficiency from newly found defect centers in Silicon Dioxide S16 (n∼1.5), Gallium Nitride S17 (n∼2.4) and Silicon Carbide S18 (n∼2.6). In all cases, horizontal dipoles (plot in blue lines) show better collection efficiency into the air side, which indicates that (111) terminated diamond-air surface is favored for better and it is of great interest currently in the research community to obtain (111) terminated single crystal diamond using Chemical Vapor Deposition.
S19,S20
For simplicity, we estimate the collection efficiency from wave optics and Fresnel's law for vertical and horizontal dipoles, assuming dry or oil-immersion objective collection. This provide the baseline value to compare with the results from the optimized circular gratings.
The radiation profile for vertical and horizontal dipoles are shown in Fig.S4 Table 1 of the manuscript. 
S4 Excitation limited Circular Grating etching depth
It's experimentally favorable to minimize the scattering between the laser excitation with the circular grating, especially when coherent pumping laser is used to drive the defect center. S21 This will lead to less background photoluminescence and significantly improve the measurement fidelity. Basically, the pumping laser represented by the Gaussian beam profile in Fig.S6 will pose a limit to the height of the center post of the circular grating, to avoid the pumping laser to scatter with the lower edge of the center post. Such maximum etching depth is associated with the radius of the center disk and NV depth. 
